Fra-1 is aberrantly expressed in a large number of cancer cells and tissues, and emerging evidence suggests an important role for this Fos family protein in both oncogenesis and the progression or maintenance of many tumour types. Here, we show that the concentration of Fra-1 is high in invasive oestrogen receptor (ER)-negative (ERÀ) breast cancer cell lines, regardless of their Ras pathway status. All of the ERÀ cells express high levels of activated PKCy, and the inhibition of PKCy activity using RNA interference or the expression of a dominant-negative mutant results in a dramatic reduction in Fra-1 abundance. Conversely, the ectopic expression of constitutively active PKCy leads to Fra-1 phosphorylation and accumulation in poorly invasive ER þ cells. This accumulation is due to the stabilisation of the Fra-1 protein through PKCy signalling, whereas other members of the PKC family are ineffective. Both Ste20-related proline-alanine-rich kinase (SPAK) and ERK1/2, whose activities are upregulated by PKCy, participate in PKCy-driven Fra-1 stabilisation. Interestingly, their relative contributions appear to be different depending on the cell line studied. ERK1/2 signalling has a major role in ERÀ MDA-MB-231 cells, whereas Fra-1 accumulation occurs mainly through SPAK signalling in ERÀ BT549 cells. Fra-1 mutational analysis shows that the phosphorylation of S265, T223 and T230 is critical for PKCy-driven Fra-1 stabilisation. Phosphorylation of the protein was confirmed using specific antisera against Fra-1 phosphorylated on T223 or S265. In addition, Fra-1 participates in PKCy-induced cell invasion and is necessary for PKCy-induced cell migration. In summary, we identified PKCy signalling as an important regulator of Fra-1 accumulation in ERÀ breast cancer cells. Moreover, our results suggest that PKCy could participate in progression of some breast cancers and could be a new therapeutic target.
INTRODUCTION
Activating protein 1 (AP-1) activity, which is induced by a vast number of extracellular stimuli, such as growth factors, cytokines, tumour promoters and environmental stresses, has diverse biological functions and has critical roles in regulating cell growth, differentiation, apoptosis, development and tumourigenesis. 1 The AP-1 transcription factor is a dimeric protein complex comprising primarily Jun and Fos family members. Although Jun proteins (c-Jun, JunB and JunD) form homodimers or heterodimers with Fos proteins (c-Fos, Fra-1, Fra-2 and FosB), Fos proteins cannot associate with each other. Jun --Fos heterodimers interact more stably than Jun --Jun homodimers and therefore control transcription more efficiently. The combinatorial diversity of the dimers varies with the expression and activation levels of the individual components according to the cell type, the environmental situation and the phase of the cell cycle, suggesting that the various dimers display different properties and functions. 2 Emerging evidence suggests an important role for Fra-1 in oncogenesis and the progression or maintenance of many tumour types. 3, 4 Fra-1 has been shown to be a mediator of the Rasinduced transformation of NIH3T3 cells and thyroid cells. 5, 6 Whereas Fra-1 is constitutively expressed in a limited number of tissues, a high Fra-1 concentration is found in numerous cancer cell lines and tissues, including thyroid, breast, lung, brain, endometrial, prostate, bladder and colon carcinomas. Furthermore, in these different models, the manipulation of the Fra-1 concentration has indicated the active role of Fra-1 in the maintenance or acquisition of a more aggressive phenotype. 7 --12 In breast cancer, the most invasive cell lines have high AP-1 DNA-binding activity that is mostly owing to Fra-1-containing heterodimers. 13 Aberrant Fra-1 protein levels have been detected in cells expressing neither oestrogen a (ER) nor progesterone receptors and expressing a number of mesenchymal markers. Moreover, Fra-1 has an active role in breast cancer cell growth, invasion, motility and the control of cell morphology. 7, 10 Altogether, these data suggest that Fra-1 could be involved in breast cancer progression. In agreement with these studies, Fra-1 expression has been associated with hyperplastic and neoplastic proliferative breast disorders. 14 --17 Moreover, the tumour cellinduced de novo overexpression of Fra-1 in macrophages has recently been suggested to have a role in the immunosuppressive mechanisms correlated with mammary tumour progression. 18 Fra-1 is regulated at the transcriptional level through numerous extracellular stimuli. However, Fra-1 is an intrinsically unstable protein and the regulation of its stability may be fundamental for its accumulation. 4 Fra-1 is among the most upregulated targets under Ras transformation conditions and its accumulation depends on both transcriptional auto-regulation and ERK-dependent post-translational stabilisation. Indeed, the Fra-1 half-life is increased upon ERK1/2 pathway activation in thyroid 19 and colon tumours. 20, 21 The ERK1/2 pathway has been shown to lead to the phosphorylation of serines S252 and S265, thereby inhibiting Fra-1 degradation during both normal physiological induction and the constitutive activation of this cascade in human colon cancer cells expressing oncogenic forms of KRAS and BRAF, which both activate ERK. However, because Ras mutations are not frequent in breast cancer cells, 22 we hypothesised that other kinases might have a role in the aberrant accumulation of hyperphosphorylated Fra-1 in these cells. Here, we tested the role of the PKCy pathway.
PKCy is a novel PKC that is activated by diacylglycerol, but not by calcium. 23 This serine/threonine kinase is a critical component of the immune system, in which it controls T lymphocyte fate and function. 24 PKCy is overexpressed in gastrointestinal stromal tumours 25 and has only recently been implicated in breast cancers. PKCy has been reported to promote c-Rel-driven mammary tumourigenesis in mice by repressing ERa synthesis. 26 In addition, the PKCy protein stimulates the proliferation and motility of breast cancer cells and is detectable and present in an active form only in ER-negative (ERÀ) breast cancer cells. Along the same line, ERÀ tumours in patients express an elevated level of PRKCQ mRNA compared with ER þ tumours. 27 We report here that high PKCy activity leads to a strong expression of Fra-1 in ERÀ invasive breast cancer cell lines. PKCy acts through the activation of ERK1/2 and Ste20-related prolinealanine-rich kinase (SPAK) pathways and stabilises Fra-1 protein by inducing its phosphorylation on S265, T223 and T230. Moreover, the high accumulation of Fra-1 induced by the PKCy pathway is critical to mediate the effect of this kinase on cell migration.
RESULTS
High PKCy activity in ER-negative breast cancer cells leads to aberrant Fra-1 accumulation We and others have previously reported that Fra-1 is aberrantly expressed in invasive ER-negative breast cancer cell lines and that the protein is mainly present in hyperphosphorylated forms, the migration of which appears retarded in SDS --PAGE analysis. As shown in Figure 1a , Fra-1 protein level was high even in ERÀ cells displaying modest ERK1/2 activity (P-ERK1/2). Interestingly, activated PKCy (P-PKCy) was expressed in all of these ERÀ cells, as assayed by analysing one of its activating phosphorylations (T538), leading us to hypothesise that this kinase might promote the strong accumulation of Fra-1 in these invasive cells.
To verify our hypothesis, we inhibited activated PKCy expression through the transfection of specific siRNA in ERÀ cells (Figure 1b) . RNA interference resulted in a significant reduction in the Fra-1 levels in the ERÀ cell lines in which PKCy silencing was efficient. In addition, the high transfection efficiency of plasmids in Hs578T cells allowed us to obtain a significant inhibition of Fra-1 expression after overexpression of a kinase-defective PKCy variant (PKCy-DN), which serves as a dominant-negative mutant for PKCy activity (Figure 1b) . Conversely, the transient transfection of a constitutively active mutant of PKCy (PKCy-CA) in two ER þ breast cancer cell lines, MCF7 and ZR75.1, greatly increased endogenous Fra-1 content compared with control cells (Figure 1c) . Altogether, these data indicate that the activation of PKCy modulates the level of Fra-1 in breast cancer cells.
We then chose to pursue this study in the ER þ MCF7 and ZR75.1 cell lines and in the ERÀ MDA-MB-231 and BT549 cell lines, which express strong or more modest activated ERK1/2 level, respectively.
The PKCy pathway increases Fra-1 protein stability and Fra-1 phosphorylation To assess whether PKCy signalling increased Fra-1 expression via a post-transcriptional mechanism, as the ERK1/2 pathway does, MCF7 and ZR75.1 cells were transfected with a pIRES2 --EGFP construct allowing the expression of myc-tagged Fra-1 and of GFP from the same bicistronic mRNA. 21 The myc tag enabled us to discriminate ectopically expressed Fra-1 from endogenous Fra-1 and, because of its high stability, GFP served as an internal standard to assess Fra-1 expression level. As shown in Figure 2a , introduction of PKCy-CA drastically increased the expression of the myc-tagged Fra-1 protein, indicating that the PKCy pathway acted, at least in part, via a post-transcriptional mechanism. Conversely, the inhibition of PKCy using siRNA significantly decreased Fra-1 protein expression in two ER-negative breast cancer cell lines. The effect of PKCy on Fra-1 protein stabilisation was then tested in MCF7 cells transiently transfected with a Fra-1 expression vector in the presence or absence of PKCy-CA followed by incubation with cycloheximide (an inhibitor of protein synthesis) for increasing periods of time (Figure 2b ). In the absence of cycloheximide, PKCy-CA increased Fra-1 expression level (note that a 10-fold higher concentration of total protein was analysed for control cells than for cells expressing the constitutively active kinase to allow for a more accurate comparison of Fra-1 levels). In addition, PKCy-CA drastically reversed the ratio of the Fra-1 fastest-to slowest-migrating bands (the shift in migration was particularly drastic in this experiment because of a long electrophoretic migration). The most retarded band corresponded to hyperphosphorylated Fra-1, as established after treatment of cell extracts with alkaline phosphatase (not shown). Moreover, in the presence of cycloheximide, the Fra-1 protein was degraded more rapidly under control conditions than in cells expressing activated PKCy, where Fra-1 was stable for at least 6 h. We therefore concluded that PKCy increased Fra-1 phosphorylation and stability.
We then tested the effect of other members of the PKC family, specifically those that have been implicated in cancer (Figure 3) . We performed the experiments in the ERÀ MDA-MB231 cells, in which Fra-1 is aberrantly expressed and hyperphosphorylated, to ensure that the kinases responsible for endogenous Fra-1 phosphorylation were active. Cells were transfected with Fra-1 --pIRES2 --EGFP and co-transfected with expression vectors expressing either PKCy or other PKC proteins tagged with GFP. Although other PKCs, such as PKCa and PKCe, were preferentially expressed in ERÀ cells (not shown), all tested PKCs, except PKCy, had little or no effect on Fra-1 protein stability in invasive MDA-MB231 cells ( Figure 3 ). Similar data were obtained when the same experiment was performed in MCF7 cells (not shown). This result suggested that Fra-1 was a specific target of the PKCy signalling pathway. ERK1/2 and SPAK participate in Fra-1 regulation through the PKCy pathway We then addressed how PKCy regulates Fra-1 stability. We observed that the overexpression of constitutively activated PKCy in MCF7 cells increased the level of activated ERK1/2 ( Figure 4a ). However, the treatment of the cells with the pharmacological MEK/ERK inhibitor U0126, which efficiently inhibited ERK1/2 activation, only partially blocked PKCy-induced Fra-1 expression, suggesting that ERK1/2 activation by PKCy is only partly implicated in PKCy-driven Fra-1 accumulation. Basbous et al. 21 have reported that the ERK1/2 pathway leads to Fra-1 stabilisation via the phosphorylation of serines S252 and S265 in HeLa cells and colon cancer cell lines. To specify the role of ERK1/2 activity in PKCy-driven Fra-1 stabilisation, we compared the effect of S252A and S265A mutations on the ability of ERK1/2 and PKCy pathways to stabilise the Fra-1 protein. MCF7 cells were transfected with the bicistronic pIRES2 --EGFP vector coding for either wild-type Fra-1 or a Fra-1 mutant in which the two serines were replaced by alanines. ERK1/2 and PKCy signalling were activated through cotransfection of constitutively active MEK1 (S218D --S222D) or PKCy-CA variants, respectively ( Figure 4b ). In agreement with published results, the S252A/S265A mutation strongly inhibited Fra-1 stabilisation induced by the ERK1/2 pathway. Interestingly, these two mutations were also sufficient to abrogate ERK5-driven Fra-1 expression in cells in which ERK5 signalling was activated after transfection with constitutively active MEK5 and wild-type ERK5. However, activated PKCy still stabilised the mutant, although less efficiently than wild-type Fra-1, thus demonstrating that the activation of the ERK1/2 pathway by PKCy is not sufficient to explain PKCy-driven Fra-1 stabilisation in breast cancer cells.
Based on these data, we studied the potential role of the serine/ threonine kinase SPAK, whose activity is stimulated by PKCy in T lymphocytes. 28 The silencing of SPAK using RNA interference reduced the endogenous expression of Fra-1 in MDA-MB231 and BT549 cells (Figure 5a ). This inhibition was also observed using another siRNA targeting the STK39 gene encoding for the SPAK protein (not shown). Moreover, SPAK silencing decreased the endogenous Fra-1 accumulation induced by ectopic expression of activated PKCy in MCF7 cells (Figure 5b , left panel). A similar experiment was performed by co-transfecting the bicistronic vector expressing wild-type Fra-1, and the data showed that PKCy-induced stabilisation of exogenous Fra-1 was partially repressed after SPAK inhibition (Figure 5b, right panel) . These results indicate that SPAK is involved in the stabilisation of Fra-1 upon PKCy activation.
The roles of SPAK and ERK1/2 were then investigated in MCF7 cells stably expressing constitutively active PKCy under tetracycline control (Tet-off system) in which SPAK and ERK1/2 activities were inhibited using RNA interference or UO126, respectively (Figure 5c ). Whereas each treatment alone slightly reduced PKCyinduced Fra-1 expression, an inhibition of B63% was observed when both the SPAK and ERK1/2 pathways were repressed. The relative efficiency of the two pathways in regulating endogenous Fra-1 expression was then tested in the invasive ERÀ breast cancer cell lines, MDA-MB231 and BT549, which express highly or moderately activated ERK1/2 levels, respectively (Figure 5d ). Figure 1 . High PKCy activity in ER-negative breast cancer cell lines increases Fra-1 expression. (a) Whole-cell extracts (WCEs, 90 mg) from the indicated breast cancer cell lines were analysed using immunoblotting with antibodies against Fra-1, ERK1/2, phospho-ERK1/2 (T202/Y204), PKCy, phospho-PKCy (T538) and actin, which was used to confirm equal loading. (b) The indicated ERÀ breast cancer cell lines were transfected with two different siRNAs (3.6 nM each) targeting the PRKCQ mRNA. After two successive 48 h-transfections, WCEs (90 mg) were subjected to immunoblotting for Fra-1, PKCy and actin, the latter being used to confirm equal loading. Alternatively, Hs578 T cells were transiently transfected with 2 mg of PKCy-DN expression vector ( þ ) or empty vector (À) and, 48 h after transfection, WCEs (90 mg) were analysed using immunoblotting. (c) The indicated ER þ breast cancer cell lines were transiently transfected with 2 mg of PKCy-CA expression vector ( þ ) or empty vector (À) and analysed as in (b). In (a --c), phosphorylated Fra-1 forms are indicated by an asterisk.
Whereas Fra-1 stabilisation mainly occurred through the ERK1/2 pathway in MDA-MB231 cells, SPAK had an essential role in stabilising the Fra-1 protein in the BT549 cells.
The phosphorylation of serine 265 and threonines 223 and 230 is important for PKCy-driven Fra-1 stabilisation To determine whether the phosphorylation and the stabilisation of Fra-1 by the PKCy pathway were directly linked, a series of Fra-1 mutants in which serines and threonines were replaced with alanine was constructed in the bicistronic pIRES2 --EGFP expression vector.
The C-terminal portion of Fra-1 has been reported to be critical for its stabilisation 21 and we observed that the phosphorylation shift in SDS --PAGE analysis was due to phosphorylation on threonines rather than phosphorylation on serines. Therefore, we mutated all of the threonines (222, 223, 227, 230, 236, 240 and 266) present in the C-terminal part of Fra-1 and combined these mutations with the mutation of S265, which is the major phosphorylation site for ERK1/2-mediated stabilisation. The S265A mutation slightly reduced the stabilisation of Fra-1 by PKCy (Figure 6a ), while the mutation of all C-terminal threonines did not affect this stability (not shown). However, when we combined the S265A mutation with different threonine mutations, we found that the Fra-1 S265A --T223A --T230A triple mutant was no longer stabilised by activated PKCy in ER-positive MCF7 and ZR75.1 cell lines (Figure 6a) .
We then mutated the same amino acids to aspartic acid to mimic phosphorylation. In MCF7 (Figure 6b ), the single (S265D) and double mutants (S265D --T223D and S265D --T230D) were slightly stabilised compared with wild-type Fra-1 in the absence of PKCy activation. However, in both MCF7 and ZR75.1 cells, the triple Fra-1 mutant S265D --T223D --T230D displayed an expression level comparable to that of wild-type Fra-1 in the presence of activated PKCy. Conversely, compared with the wild-type Fra-1 protein, the expression of the Fra-1 S265A --T223A --T230A triple mutant was drastically reduced in the ERÀ MDA-MB231 and BT549 cells, which expressed endogenously activated PKCy (Figure 6c ). We therefore concluded that the phosphorylation of S265, T230 and T223 was crucial for Fra-1 stabilisation through PKCy signalling. Moreover, in agreement with Figure 5d and the higher efficiency of ERK1/2 signalling in Fra-1 stabilisation in MDA-MB231 cells, the mutation of S265 alone was more efficient in destabilising Fra-1 in MDA-MB231 cells than in BT549 cells ( Figure 6c) .
Next, the use of specific antisera against Fra-1 phosphorylated on T223 or S265 allowed us to determine the potential interplay between ERK1/2-driven Fra-1 phosphorylation (PKCy-dependent or PKCy-independent) and other PKCy-driven phosphorylation. In MCF7 cells co-transfected with expression vectors for PKCy and either wild-type or mutated Fra-1 (S265A or T223A), these antisera specifically detected the corresponding phosphorylated protein in immunoblots (Figure 6d ). This result indicated that these residues were the actual targets of PKCy signalling. Moreover, the phosphorylation of T223 and S265 was independent of each other.
Fra-1 is implicated in PKCy-induced breast cancer cell motility and invasiveness We have previously shown that both Fra-1 and PKCy increase the invasion and motility of breast cancer cells in vitro.
9,26 Therefore, we tested whether Fra-1 could mediate the effect of PKCy on these biological responses. To address this question, we performed an in vitro invasion assay with an MCF7 cell clone overexpressing PKCy-CA under tetracycline control (Figure 7a ). As expected, the overexpression of activated PKCy induced in the absence of doxycycline strongly increased cell invasion (Figure 7b) . Interestingly, Fra-1 silencing partly repressed this stimulation. To further explore the role of Fra-1 in PKCy-driven invasion, a similar experiment was performed in the absence of Matrigel. The activation of PKCy led to a strong induction of cell motility (Figure 7c) . Moreover, the inhibition of PKCy-stimulated . PKCy stabilises Fra-1 protein, whereas other PKC subfamily members do not. MDA-MB231 cells were transfected with 50 ng of the pIRES2 --EGFP vector expressing Fra-1 together with 2 mg of vector expressing the indicated wild-type PKC subfamily members or empty vector (À). Two days later, WCEs were analysed using immunoblotting for the expression of PKCy and GFP (detecting the ectopic expression of PKCa, b, g, d and e on the top part of the blot), Myc (detecting exogenous Fra-1), GFP (detected at the bottom part of the blot and serving as an internal standard for the normalisation of Myc-tagged Fra-1 expression), and actin.
Fra-1 expression using siRNA completely abolished the migration induced by PKCy. Therefore, our results demonstrate that Fra-1 has a major role in the control of cell migration by PKCy.
DISCUSSION
Here, we report that a high level of hyperphosphorylated Fra-1 can be found in invasive breast cancer cell lines independently of activated ERK1/2 level, indicating that other pathways are likely to be involved in Fra-1 phosphorylation and stabilisation. We addressed the role of PKCy in Fra-1 accumulation, as it has recently been implicated in breast cancer 26 and is activated in invasive ERÀ breast cancer. We show that the PKCy pathway participates in Fra-1 stabilisation through the activation of both ERK1/2 and SPAK pathways.
Although both pathways are activated by PKCy in all of the breast cancer cells we tested, their relative contributions to the accumulation of Fra-1 appeared to be different depending on the cellular context (activation levels of PKCy and ERK1/2). Fra-1 stabilisation by PKCy in ER þ MCF7 cells requires equally the stimulation of both ERK1/2 and SPAK activities. However, in ERÀ MDA-MB231 cells, which display high ERK1/2 activity, the action of PKCy mainly goes through this MAPK, whereas in ERÀ BT549 cells, which show moderate ERK1/2 activity, its effect tends to be the result of SPAK activation. Interestingly, MDA-MB231 cells carry oncogenic constitutively active forms of K-Ras and B-Raf, whereas BT549 cells express wild-type form of Ras and Raf. 29, 30 Morevover, high Fra-1 levels were detected in ERÀ breast cancer cells harbouring (Hs578T and MDA-MB231) or not (MDA-MB436, BT549, HCC38 and MDA-MB157) Ras pathway activating mutations. Our data suggest that the strong Fra-1 expression results not only from the stimulation of Ras --ERK1/2 pathway, but also from the activation of PKCy --ERK1/2 and PKCy --SPAK pathways in a celldependent manner.
We show that the phosphorylation of S265, T223 and T230 is crucial for Fra-1 stabilisation by the PKCy pathway. S265 is the main residue responsible for ERK1/2-driven Fra-1 stabilisation and, by analogy with c-Fos, is likely a target for ERK1 and/or ERK2. 21 Interestingly, SPAK has been reported to be crucial for the induction of PKCy-mediated AP-1 activity in T lymphocytes, 28 but the effector(s) downstream of SPAK is unknown. It is therefore tempting to speculate that this factor is a Fra-1-containing AP-1 dimer. We do not know yet whether Fra-1 is a direct substrate of SPAK, and other kinases may act downstream of SPAK. shown to mediate the binding of SPAK to its known substrates, such as members of the cation chloride co-transporters superfamily 32 and the TNF receptor RELT. 33 In addition, we cannot exclude a direct effect of PKCy on Fra-1, and other kinases could act downstream of PKCy. Only a few PKCy substrates or potential candidate substrates, such as moesin, SPAK and CARMA1, 23 are known, and there is no described consensus sequence of phosphorylation by PKCy.
While both Fra-1 and PKCy expressions are inversely correlated with the ERa status of breast cancer cells, activated PKCy level does not systematically follow Fra-1 level among the different cell lines (Figure 1a ). PKCy is a strong inducer of Fra-1 expression; however, according to the literature, it is not the only one 3 and PKCy-independent regulators of FOSL1 mRNA synthesis and Fra-1 protein stability may be differently expressed depending on the ERÀ cell lines. Moreover, PKCy activation in T lymphocytes requires diacylglycerol and at least phosphorylation of T538 and Y9034. In our study, PKCy activation was measured by T538 phosphorylation and it would be interesting to evaluate the phosphorylation level of Y90 to determine whether it could correlate better with Fra-1 expression. Currently, PKCy activation is not well understood and other activating phosphorylation sites not yet discovered could be critical in breast cancer. The 3-phosphoinositide-dependent kinase 1 and the src family protein tyrosine kinase Lck have been proposed to phosphorylate PKCy on residues 538 and 90, respectively. 34 Recently, the GCK-like kinase (MAP4K3) has been shown to directly phosphorylate PKCy on T538. 35 Although expression of GLK has not been studied in breast cancer, both LCK 36 and 3-phosphoinositide-dependent kinase 1 37 have been reported to be overexpressed, especially in ERÀ compared with ER þ tumours for the tyrosine kinase. (b) MCF7 cells were transiently transfected with 50 ng of the pIRES2 --EGFP vector expressing either wild-type Fra-1 (WT) or mutated Fra-1 in which serines 252 and 265 were replaced by alanine (S/A). To activate the indicated pathways, cells were co-transfected with either 2 mg of the MEK1-CA expression vector, or 1 mg of MEK5-CA plus 1 mg of the ERK5-wt expression vector, or 2 mg of the PKCy-CA expression vector, or their corresponding empty vector (À). Two days later, WCEs were analysed using immunoblotting with antibodies against Fra-1, GFP, phospho-ERK1/2 (T202/Y204), phospho-ERK5 (T218/Y220) and PKCy as indicated.
Therefore, further studies in breast cancer field are required to discover the factors regulating PKCy activation, including the enzymes responsible for the accumulation of diacylglycerol and/or the kinase(s) phosphorylating PKCy.
Fra-1 is an important target of the PKCy pathway in breast cancer cells, because PKCy-driven Fra-1 expression mediates PKCy effects on cell migration and invasion. Interestingly, we found that Fra-2, which also enhances cell invasion, was also regulated by the PKCy pathway (not shown). However, Fra-2-induced invasion occurs through a different mechanism involving de novo RelB synthesis. 38 Fra-2 could therefore also participate in the enhancement of cell invasion induced by the kinase.
It is noteworthy that Fra-1 has recently been implicated in the epithelial-mesenchymal transition of mammary cells by regulating slug expression, 39 ZEB1/2 expression 40 or the neo-synthesis of microRNAs miR-221 and miR-222, which are associated with the basal-like subtype of breast cancer. 41 Fra-1 is a critical and necessary downstream target of ERK for the induction of epithelial-mesenchymal transition and the acquisition of a motile and invasive profile in non-tumourigenic epithelial cells. 40, 42 Conversely, Fra-1 extinction increases the expression of epithelial genes and decreases the levels of mesenchymal markers in the Ras-mutated MDA-MB231 cell line. 39 We could therefore speculate that activated PKCy may also induce epithelial-mesenchymal transition in cells in which it is aberrantly expressed.
In summary, our findings identify PKCy as an important regulator of Fra-1 accumulation in ERÀ basal-like breast cancer cells and suggest that PKCy may participate in progression of some breast cancers. As a consequence, it may be important to assess the potential effect of PKCy in the progression of other cancers in which Fra-1 has been associated with a more aggressive phenotype.
MATERIALS AND METHODS
Cell culture ERÀ and ER þ breast cancer cell lines were purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA) and maintained in standard culture medium as recommended by the ATCC. To generate stable cell lines expressing constitutively active PKCy in a tetracyclinecontrolled expression system, MCF7 cells were infected with the pRevTetoff retroviral vector (Clontech Laboratories, Palo Alto, CA, USA), which encodes the tetracycline-repressible transactivator tTA and a neomycin resistance gene. The cells were co-infected with pRev-TRE (Clontech), which harbours a hygromycin resistance gene and the entire human PKCy-CA gene. Neomycin-and hygromycin-resistant cellular clones were isolated and maintained in 200 mg/ml neomycin and 20 mg/ml hygromycin B. The inhibition of PKCy-CA expression was induced by treatment with 0.01 mg/ml doxycycline for 48 h when indicated. 
Plasmids and siRNAs
The human wild-type full-length Fra-1 was cloned in pCI 13 and in the bicistronic pIRES2 --EGFP, as previously reported. 21 Mutagenesis was performed using the Quick Change II site-directed mutagenesis kit from Stratagene (Agilent Technology France, Massy, Paris, France), and mutants were verified using nucleotide sequencing. Constitutively active PKCy (PKCy-CA), kinase-defective PKCy (PKCy-DN) and SPAK, subcloned in the pEF4/His expression vector, were generously provided by Amnon Altman (San Diego, CA, USA). 28, 43 Constitutively active MEK1 and constitutively active MEK5 and wild-type ERK5 were gifts from Jacques Pouyssegur (Nice, France) and Robert A Hipskind (Montpellier, France), respectively. 44, 45 The sequence of the FOSL1 siRNA duplex has been described previously. 9 For PKCy inhibition experiments, two different siRNAs were used and targeted 5 0 -GACCATCTCTGCAGATTAA-3 0 and 5 0 -ACCACCGTGGAGCTCTACT-3 0 sequences (sense strand). For SPAK knockdown experiments, the siRNA targeted the 5 0 -ATTCAAGCCATGAGTCAGT-3 0 sequence. The control siRNA had the following sequence: 5 0 -AGGTAGTGTAATCGCCTTG-3 0 . Two successive transfections were used for both serine/threonine kinases to obtain an inhibition of at least 90%.
Transient transfections
For plasmid transfections, cells were plated in 6-well plates, and 24 h later, cells were transfected with 2 mg of DNA using the Jet PEI transfection reagent. When necessary, the pSP64 plasmid was used to obtain 2 mg of DNA. For siRNA transfections, duplexes (3.6 nM final) were introduced into the cells using reverse transfection using the Interferin transfection reagent (Ozyme, Saint Quentin en Yvelines, France) according to the manufacturer's protocol. When two successive siRNA transfection rounds were performed, cells were re-plated 48 h after the first transfection (cell dilution 1:3).
Invasion and migration assays
Doxycycline was removed at the same time as FOSL1 siRNA was transfected in MCF7-PKCy Tet-Off cells. Three days after transfection, a suspension of 400 000 cells was seeded in the upper compartment of a Transwell insert (Costar, Cambridge, MA, USA) on an 8-mm diameter polycarbonate filter (8 mm pore size) and incubated at 37 1C for 48 h. In parallel, 20 000 cells were plated in 12-well plates either as a control of proliferation for the invasion/migration assay or for immunoblotting analysis. For invasion assays, filters were pre-coated with 30 mg Matrigel as previously described. 9 Cells that migrated to the lower side of the filter were quantified by the mitochondrial dehydrogenase enzymatic assay using 3 (4,5-dimethyl-thiazol-2-yl)2,5-diphenol tetrazolium bromide (MTT) and OD 540 determination. The same assay was used to quantify the cells plated in 12-well plates as a control of proliferation. Then, OD 540 obtained for the migrating cells were normalised by the OD 540 measured for the control cells.
Cell extracts and immunoblots
Cell extracts were prepared and subjected to immunoblotting as previously described. 9 Anti-human Fra-1 (R-20), anti-Myc and anti-GFP were purchased from Santa Cruz (Santa Cruz, CA, USA). Antibodies against PKCy, phosphorylated PKCy (T538), SPAK, ERK1/2, phosphorylated ERK1/2 (T202/Y204) and phosphorylated ERK5 (T218/Y220) were purchased from Cell Signalling Technology (Beverly, MA, USA). Anti-actin was purchased from Sigma-Aldrich (L'Isle d'Abeau Chesnes, France). The antiphosphoserine 265 antibody has previously been described. 21 The anti-phosphothreonine 223 antibody was obtained after the immunisation of rabbits with the PTLMTpTPSLTPFC peptide coupled to keyhole limpet haemocyanin. Both antibodies were produced and purified by Eurogentec (Seraing, Belgium) as described. 21 Figure 7. Fra-1 is involved in breast cancer cell migration and invasion induced by the PKCy pathway. MCF7 cells stably overexpressing PKCy-CA under tetracycline control (MCF7-PKCy TetOff) were transfected with 3.6 nM of siRNA targeting the FOSL1 gene in the presence ( þ ) or absence (À) of doxycycline (Dox). Three days later, cells were either plated in 12-well plates for immunoblotting analysis after 48 h of growth (a) or subjected, in triplicate, to an invasion (b) or migration (c) assay for 48 h. Cells that migrated to the lower side of the filter were quantified using spectrometric determination of the optical density at 540 nm and normalized by the OD 540 obtained with the control cells as described in Materials and methods. The values represent the mean ( ± s.d.) of three independent experiments performed in triplicate. The P-values were calculated using the paired Student's t-test (two-tailed). In (a), phosphorylated Fra-1 forms are indicated by an asterisk.
